The axillary vein is a good site for ultrasound-guided central venous cannulation in terms of infection rate, patient comfort and its anatomical relationship with the clavicle and lungs. We compared real-time ultrasound-guided axillary vein cannulation with conventional infraclavicular landmark-guided subclavian vein cannulation in children. A total of 132 paediatric patients were randomly allocated to either ultrasound-guided axillary vein (axillary group) or landmark-guided subclavian vein (landmark group). The outcomes measured were success rate after two attempts, first-attempt success rate, time to cannulation and complication rate. The success rate after two attempts was 83% in the axillary group compared with 63% in the landmark group (odds ratio 2.85, 95%CI 1.25-6.48, p = 0.010). The first-attempt success rate was 46% for the axillary group and 40% for the landmark group (p = 0.274) and median time to cannulation was 156 s for the axillary group and 180 s for the landmark group (p = 0.286). There were no differences in complication rates between the two groups, although three episodes of subclavian artery puncture occurred in the landmark group (p = 0.08). We conclude that axillary vein cannulation using a real-time ultrasoundguided in-plane technique is useful and effective in paediatric patients.
Introduction
The subclavian vein is a preferable site compared with the internal jugular vein and femoral vein for central venous cannulation because there is a lower rate of infection and thrombosis and improved patient comfort [1] [2] [3] [4] . However, this preference is hindered by the higher rate of mechanical complications, such as pneumothorax, haemothorax, catheter tip misplacement and arterial puncture [1, 2, 5, 6] . The axillary vein has similar advantages to the subclavian vein as a site for central venous cannulation. In addition, it is more distant from the clavicle, aortic arch vessels and the apex of the lung. Real-time ultrasound-guided subclavian vein cannulation via the axillary vein has gained popularity in adults [7] [8] [9] [10] [11] . Although the clavicle restricts the use of ultrasound for infraclavicular subclavian vein cannulation [2, 12] , the axillary vein, is free of this limitation and allows clear viewing of the vein and needle [13] . Ultrasound-guided axillary vein cannulation would be an attractive option as a site for central vein cannulation in paediatric patients, but has not been explored until recently. We decided to evaluate the feasibility and usefulness of ultrasound-guided axillary vein cannulation compared with landmark-guided subclavian vein cannulation in paediatric patients.
Methods
Following approval from our institutional review board, written informed consent was obtained from the parent or guardian of each patient. The study was performed between June 2016 and February 2017.
We prospectively allocated children to one of two groups using web-based randomisation (www.random ization.org). The random block method with a block size of four was used. A trained researcher generated the random allocation sequence, prepared sealed opaque envelopes, opened the envelope immediately before the start of anaesthesia and assigned participants to either the axillary group, who underwent ultrasound-guided axillary vein cannulation, or the landmark group, who underwent landmark-guided subclavian vein cannulation.
Although the anaesthetist assigned to the intervention group was aware of the group allocation, the patients, data analysts and outcome assessors were blinded as to group allocation. Central venous cannulation was performed by a paediatric anaesthetist experienced in real-time ultrasound-guided central venous cannulation. We used an E-CUBE i7 (ALPINION Medical Systems Co., Seoul, Korea) ultrasound machine with a linear probe (3L-12T).
Standard AAGBI monitoring consisting of ECG, non-invasive blood pressure and oxygen saturation was applied [14] . Anaesthesia was induced intravenously with either thiopental or propofol and fentanyl. Following loss of consciousness, rocuronium was administered, the patient's trachea was intubated and anaesthesia was maintained using sevoflurane.
In the axillary group, the patients were placed in a supine position with a rolled towel under their shoulders. The head was maintained in a neutral position, and the ipsilateral arm was abducted to increase the diameter of the axillary vein (Fig. 1a) [15] . After a sterile drape had been positioned, the ultrasound probe was placed at the midclavicular level on the anterior chest wall, the clavicopectral triangle (Fig. 1b) . After short-axis images of the axillary artery and vein were identified, the operator moved the ultrasound probe up and down in order to locate the junction with the cephalic vein. The ultrasound probe was then rotated counterclockwise while maintaining the axillary vein in the centre of the displayed image in order to locate the axillary vein in the long axis. The probe was then adjusted to identify the junction between the axillary and cephalic vein. Using a long-axis in-plane technique, the central venous catheter was inserted into the axillary vein (Fig. 2) . We used the junction of the cephalic vein as the target for cannulation of the axillary vein because some confusion existed regarding the site of cannulation when using the infraclavicular subclavian vein and axillary vein approach.
For the landmark technique, patients were placed in a supine position with a rolled towel underneath their shoulders, and the arm was maintained in a neutral position. After identifying the sternal notch and the lateral third of the clavicle, central venous cannulation was performed. Following guidewire placement within the subclavian vein, the investigator confirmed the guidewire position using ultrasound from the ipsilateral internal jugular vein to the brachiocephalic vein. If the guidewire was not identified in the brachiocephalic vein, the guidewire was repositioned under ultrasound guidance [16] . The primary outcome was success rate after two attempts (each attempt being defined as the needle penetrating the skin surface). Secondary outcomes were first-attempt success rate, time to successful cannulation (defined as the time from skin puncture until completion of cannula insertion), mechanical complications (arterial puncture, pneumothorax, haemothorax) and guidewire malposition. Previous studies reported that more than two venepuncture attempts increased the risk of mechanical complications [4, 17] . We decided that a patient would be withdrawn from the study after a failed second attempt at venous cannulation regardless of the approach used. The central venous line was then inserted into the right internal jugular vein using ultrasound guidance.
No previous study has reported on axillary vein cannulation in children so the sample size was calculated based on an adult study which reported a firsttime success rate of 68% and an overall success rate after four attempts of 96.5-98.4% [11] . Considering the smaller diameter of axillary veins in paediatric patients and the number of attempts, the anticipated overall success rate after two attempts was 80%. A previous study showed that the first-attempt success rate using the landmark technique for subclavian cannulation was 45% [18] , whereas the three-attempt success rate was 75% in paediatric patients. Assuming a second-time success rate using the landmark technique of 55% and that using the ultrasound-guided technique as 80%, giving a difference of 25%, the sample size for each group was calculated as 62, assuming a power of 0.8 and two-sided alpha value of 0.05, when a Chisquared test for the comparison of the two groups is significant. Considering an attrition rate of 10%, 136 patients were required.
The normality of data distribution was tested using the Kolmogorov-Smirnov test. The primary outcome was evaluated using the Chi-square test. Secondary outcomes were evaluated using independent ttest or Mann-Whitney U-test for continuous variables and the Chi-square test for categorical variables, as appropriate. All statistical analyses were performed using SPSS (SPSS 23.0; IBM Inc., Armonk, NY, USA) software and a p value < 0.05 was considered statistically significant.
Results
A total of 136 children were enrolled in the study, four were not studied and 132 were included in the final analysis (Fig. 3) . Cannulation failed after two attempts in 11 patients in the axillary group and in 24 patients in the landmark group. In these patients, the cannula was inserted into the right internal jugular vein using an ultrasound-guided technique. Baseline patient characteristics are shown in Table 1 . There were no differences between the groups in terms of the depth from the skin surface or its diameter. Procedural data are shown in Table 2 . The success rate after two attempts was significantly higher in the axillary group compared with the landmark group (odds ratio 2.85, 95%CI 1.25-6.48, p = 0.010). First-attempt success rate, median time to venous puncture, guidewire insertion and cannula placement were the same for both groups. The incidence of complications was the same for both groups, although subclavian artery puncture occurred in the landmark group only. Ultrasound performed during the procedure demonstrated that the guidewire was located in the ipsilateral brachiocephalic vein in 94% of patients in the axillary group and 85% of patients in the landmark group. 
Discussion
In this study, we found that, in paediatric patients, ultrasound-guided axillary vein cannulation was a useful technique, with an increased success rate compared with landmark-guided subclavian vein cannulation. Many landmark techniques are now being replaced by ultrasound-guided techniques, however, the subclavian vein is located beneath the clavicle and it is difficult to obtain an optimal view when attempting to cannulate the vessel using an infraclavicular technique [12, 19, 20 ]. An alternative approach is the supraclavicular approach near its junction with the brachiocephalic vein, but this technique carries the risk of puncturing the aorta. In a previous study, where we compared the infraclavicular with the supraclavicular technique, the supraclavicular approach was superior in terms of success rate and complications, but we reserved this as a rescue technique for difficult central vein cannulation [21] . Landmark-guided axillary vein cannulation was first described in the 1980s, but never gained popularity at the time due to difficulty in identifying the axillary vein. However, using ultrasound, the axillary vein can easily be identified near the clavicopectoral triangle and this approach has been gaining popularity as an alternative technique for venous cannulation [5] . The axillary vein becomes the subclavian vein at the level of the first rib but there are different risks when each is used for cannulation. Studies in adults have shown the advantages of ultrasound-guided axillary vein cannulation compared with subclavian vein cannulation: accurate needle visualisation; a lower risk of arterial puncture, pleura or nerve damage; a reduced risk of catheter pinch-off; and the ability to apply direct pressure in case of accidental arterial puncture [13] .
According to Bodenham and Lamperti, a relative contraindication to using ultrasound-guided axillary vein cannulation is the small size of the vein (less than 1.5 cm in diameter) [13] . Although we abducted the arm in order to increase the diameter of the axillary vein [22, 23] , the mean diameter of the axillary vein in our study population was less than 0.5 cm. However, the cannulation success rate was acceptable and higher than that of the landmark technique.
Another advantage of the ultrasound-guided technique is the ability to identify the guidewire position. When using ultrasound, the practitioner can identify the guidewire during the procedure and correct its position if necessary. Ahn et al. [15] reported that ipsilateral arm abduction reduced catheter misplacement during real-time ultrasound-guided axillary vein cannulation. However, in our study, with the patient's head maintained in a neutral position, rates of guidewire misplacement were no different between the axillary and the landmark groups.
The international evidence-based recommendations on ultrasound-guided vascular access suggest that the out-of-plane approach is associated with a relatively high incidence of posterior wall injury during subclavian vein cannulation [5, 24, 25] . We believe that the use of a long-axis in-plane technique to visualise needle passage during the procedure decreased the rate of unintended passage of the needle into lung tissue, axillary and subclavian arteries. However, the long-axis view may not be possible to achieve and may require additional experience to obtain full proficiency. A recent study by Vezzani et al. showed that arterial puncture was significantly increased with this technique compared with the short-axis out-of-plane approach [8] . Ultrasoundguided cannulation using a needle-guide technique may improve the feasibility of the long-axis in-plane technique for less experienced operators [26] . Further studies are required in order to determine the best approach that increases the success rate and decreases mechanical complications in paediatric patients. This study had some limitations. Firstly, the anaesthetists assigned to the intervention group were aware of group allocation during central venous cannulation. However, we attempted to minimise any possible bias by ensuring that the data analyst and the outcome assessor were unaware of the identity of the study groups. Secondly, central venous cannulation was performed by a paediatric anaesthetist with extensive experience in ultrasound-guided central line insertion. We believe that this minimised the influence of the operator on the study results, but we cannot determine the magnitude of this influence.
In conclusion, real-time ultrasound-guided axillary vein cannulation appears to be a safe and promising technique in paediatric patients.
